Current pesticide risk assessment practices use the honey bee, Apis mellifera L., as a surrogate to characterize the likelihood of chemical exposure of a candidate pesticide for all bee species. Bees make up a diverse insect group that provides critical pollination services to both managed and wild ecosystems. Accordingly, they display a diversity of behaviors and vary greatly in their lifestyles and phenologies, such as their timing of emergence, degree of sociality, and foraging and nesting behaviors. Some of these factors may lead to disparate or variable routes of exposure when compared to honey bees. For those that possess life histories that are distinct from A. mellifera, further risk assessments may be warranted. In January 2017, 40 bee researchers, representative of regulatory agencies, academia, and agrochemical industries, gathered to discuss the current state of science on pesticide exposure to non-Apis bees and to determine how well honey bee exposure estimates, implemented by different regulatory agencies, may be protective for non-Apis bees. Workshop participants determined that although current risk assessment procedures for honey bees are largely conservative, several routes of exposure are unique to non-Apis bees and warranted further investigation. In this forum article, we discuss these key routes of exposure relevant to non-Apis bees and identify important research gaps that can help inform future bee risk assessment decisions.
Furthermore, participants identified potential non-Apis species that could be used in future risk assessments, as they may experience routes of exposure not considered by honey bee assessments. Participants generally agreed that non-Apis model species for pesticide assessment would necessarily be limited to those whose biology is well-known and that are commercially available with established husbandry practices. Participants further agreed on the importance of identifying bee species that are generalist or polylectic foragers, because specialization on single plant families or crops would restrict any broader understanding of exposure. This decision narrowed our scope to cavity-nesting Megachilids-Osmia spp., and the alfalfa leafcutting bee, M. rotundata, as representative solitary bees, and to bumble bees (Bombus impatiens, B. ignitus, and B. terrestris) as social non-Apis bee surrogates. Stingless bees were also discussed and considered, although currently, relatively little is known regarding their husbandry and commercial management for pollination services (see Slaa et al. 2006) . Further studies of stingless bees and how to incorporate them into pesticide assessments were identified as an important research gap to be addressed in the future. Participants acknowledged that stingless bee species display a wide diversity of behaviors that can potentially have dramatic impacts on exposure risk in different settings: This may complicate efforts to assess exposure for all stingless bees if using only one particular stingless bee surrogate.
Consideration was also given to the solitary, ground-nesting alkali bee, N. melanderi, which is managed to pollinate alfalfa grown for seed in the northwestern United States. Although husbandry practices in a laboratory setting have not been perfected, this native bee is the only intensively managed ground-nesting species that could potentially be considered for pesticide exposure assessment screening. The use of this species would require further evaluation to identify methods that could support future risk assessment needs. However, the alkali bee was incorporated into this document because of its value as a managed bee that possesses a different nesting behavior from other species previously discussed, largely due to its intimate relationship with agricultural soil. The majority of wild bee species are ground-nesting, or spend at least part of their life cycle in underground cavities (e.g., most bumble bee queens), so the consideration of pesticide exposure from soil resulting from bee nesting and hibernation is important.
Workshop participants discussed that a 'global harmonization' in current risk assessment procedures would avoid redundancies in evaluations and reduce overall registration costs as they relate to exposure assessment. The workshop ended with three 'breakout' group meetings, where basic conceptual models and preliminary exposure questions were discussed to quantify exposure via the soil/ mud and plant surface routes explored below. These conceptual models were intended to serve as a basis of comparison with honey bee exposure estimates, and are shared and discussed further in the accompanying three bee review publications that also emerged from the workshop.
Exposure Risk Scoring
A key outcome of the workshop was the comparison of the relative importance of different potential exposure routes among the proposed bee taxa. Table 1 summarizes separate scores for honey bees, bumble bees, mason bees (Osmia spp.), the alfalfa leafcutting bee (M. rotundata), the alkali bee, and stingless bees ranging from 0 (low or no known risk) to 4 (high risk) for each potential route of exposure identified. These exposure routes include particles in air (dust and spray), nectar, pollen, mud/soil, honeydew, wax, water, guttation fluid, plant surfaces, and propolis/resin. The scoring system was inspired by the risk characterization scheme presented in the European Food Safety Authority scientific opinion (EFSA 2012) . In addition to presenting a relative value for the likelihood of exposure, the type of exposure is specified (i.e., oral versus contact), and separate values are presented for likelihood of exposure during adult and larval stages. The resultant table considers the relative likelihood of exposure across bee species (rather than within species) for each route of exposure considered. Comparisons of relative likelihood for exposure within each bee subgroup are presented in accompanying reports from this workshop.
For the purposes of this workshop, no consideration of prepupal or pupal stages was made. Although prepupae and pupae do not feed, they may still experience chronic contact exposure with pesticide residues in the environment around them via wax, leaf pieces (M. rotundata), mud partitions (Osmia spp.), or soil (N. melanderi). Workshop participants agreed that potential movement of pesticide residues across the pupal case, as opposed to the larval cuticle, would require investigation.
Additionally, bees not only experience differential exposure resulting from caste or developmental stage, but seasonality and climatic conditions can also influence exposure. As is the case with honey bees, bumble bees and stingless bees express seasonal-and climate-induced changes in behavior that can alter the frequency and/ or duration of exposure to pesticide residues in the environment. The timing of solitary bee development also depends on environmental conditions and on the life history of each species. As a result, the relative likelihood of exposure can change dramatically depending on the time of year a pesticide is applied, how it is applied, the matrix it interacts with, and its persistence over time in the environment. Such differences complicate the interpretation of the different routes of exposure but are nonetheless integral to decisions made in the development of future assessment protocols.
Exposure Routes
Particles in Air 'Particles in air' refer to both bee inhalation of and cuticular exposure to volatilized particles in the air that result from either abrasion of treated seed coatings during planting or pesticide spray drift. Exposure of adult bees via particles in air will primarily occur as contact exposure, and efforts to quantify exposure relative to others discussed in this document (e.g., ingestion of nectar and pollen) have been limited .
For foraging adults, the likelihood of contact exposure for all bee groups ranked 4 ( Table 1) . During field application, it would be difficult for any adult bee, Apis and non-Apis species alike, to avoid exposure to pesticides in the air while actively foraging. Risk assessments currently in place for honey bees take this exposure route into account, though this has not been widely considered or discussed for non-Apis bees. Because bee larvae are sheltered from the environment, they were considered to experience no direct exposure via this route. Larvae may be exposed to pesticide spray drift, indirectly, as 
Designated values rank from 0 (marginal or no likelihood of exposure) to 4 (high likelihood of exposure) for both adults and larval bees. Under each exposure route identified, the primary category of exposure (contact or oral) is specified. For Apis mellifera, relative values are provided for foragers, in-hive bees, and overwintering bees, respectively. For Bombus spp., values are provided for foraging workers and queen bees, respectively. Values presented here are intended for cross-subgroup comparison (rows), and not within-subgroup comparisons (columns).
a,b
All larvae would also experience contact exposure through both nectar and pollen. c Adult Osmia spp., N. melanderi, and Meliponini would also experience oral exposure through mud/soil. d Exposure to wax would occur only for pollinators that produce wax (Apis mellifera, Bombus spp., and Meliponini). Larval exposure to pesticides in honeydew and guttation fluid were presumed to be minimal and were not discussed at length by workshop participants. it descends upon soil and adjacent foliage that may ultimately comprise the nesting materials surrounding immature bees. Similarly, any indirect adult oral exposure to particles in air would largely be a consequence of where those particles land in the environment. Therefore, these considerations are incorporated into the forthcoming sections (e.g., see Mud/Soil and Plant Surfaces).
Because adult bees from all species are considered to have a high likelihood of exposure to particles in air, current considerations in place for honey bees likely serve as sufficient surrogates for other non-Apis bee species. Based on existing literature, there was general consensus that non-Apis larval exposure to particles in air would not experience exposure exceeding that for honey bee larvae. Therefore, such exposure to non-Apis bees may not warrant further consideration in future risk assessments.
Diet (Nectar and Pollen)
Dietary exposure through consumption of pollen and nectar was an important exposure route discussed, and received the highest risk exposure score across all bee species. The diet of both larval and adult honey bees changes dramatically with age, particularly the ratio and rate of consumption of nectar and pollen (Pirk et al. 2010 , Paoli et al. 2014 . It is likely that similar changes also occur in other non-Apis bee species, as is seen during the maturation of ovaries in adult female bees (Stabler et al. 2015 , Cane 2016 . For honey bees, estimates of daily diet composition and consumption for larvae and adults, while conservative, have been generally agreed upon in the literature (Sanchez-Bayo and Goka 2014, USEPA 2014). For solitary and stingless bees, only limited information is available on average provision composition and consumption rates, which limits the ability to quantify dietary exposure (such data are more readily available for bumblebees; see Cresswell et al. 2012 ). This represents a substantial and important data gap limiting our assessment of the extent to which current risk assessments are representative of non-Apis bee species. This information may be obtained by feeding and tracking the movement of radiolabeled glucose in bee species (Nixon and Ribbands 1952) , though results will likely vary according to bee body size and energy needs. The challenge for larvae is their continuous growth and changing food consumption rates with time. A possible solution to this concern could be to determine exposure as a concentration in food, and consider whether total consumption per unit body weight in non-Apis bees is likely to be substantially different than those for honey bees (Botías et al. 2017) .
Honey bees, bumble bees, and stingless bees are progressively fed throughout the larval stage, while solitary bees consume a single mass provision, consisting of pollen and nectar, which is constructed by the mother bee prior to egg-laying. This can change the nature of exposure in the larval diet, because for any single larvae, mass provisioning usually reflects a pollen and nectar collected over a short period of time (ca. 1 d for some species; Hackwell 1967, Cane and Pitts-Singer 2011) . Additionally, consumption of a mass provision involves an extended duration of larval contact with the provision for solitary bees, because larvae are essentially on top of or leaning against the pollen mass throughout its consumption.
The ratio of nectar and pollen in solitary bee provisions is variable, both within and among species, and can be challenging to manipulate in a laboratory setting. Therefore, it would be important to quantify the pollen-to-nectar ratio of provisions when developing protocols for bees. Quantified ratios can contribute to calculations of a compound in question in pollen and nectar, for comparison with a concentration-based toxicity end point. For example, alfalfa leafcutting bee provisions are generally 'wetter' (containing more nectar) than blue orchard bee provisions, although the consistency of provisions can vary even within a species depending upon available floral resources and climate. This variability may influence the relative likelihood of exposure to pesticides present in nectar and pollen (Kopit and Pitts-Singer 2018) . For solitary bee larval exposure assessments, it would also be difficult to consider nectar and pollen exposure risk separately, since they are effectively impossible to tease apart within a provision. Further, the pollen-to-nectar ratio in solitary bee provisions is largely uncharacterized for both managed and wild species. For these reasons, nectar and pollen are both ranked as 4 (high likelihood of exposure) in the evaluation (Table 1) .
Little is known about the dietary and energetic needs of bumble bee queens, which limits our ability to assess their exposure from ingestion of pollen and nectar. Bumble bee queens are expected to be particularly vulnerable to exposure prior to, and during, nest founding, when the queen is gathering her own nourishment (Baron et al. 2017a,b) . Her nectar or pollen consumption rates after colony establishment, when other workers are feeding her, also are largely unknown.
As is the case for honey bees, stingless bee larvae are fed in part by glandular secretions from adults; although, little is known about the composition or nutritional value of these secretions. It is possible that this feeding strategy renders stingless bee larvae less susceptible to exposure to pesticides from the environment due to postingestion processing by the workers that feed them. Knowledge about even the biology and diet of stingless bee larvae is largely unknown, so attributing values to indicate the likelihood of exposure in a larval context is difficult for nectar and pollen.
Nectar
Floral preferences will have obvious consequences for bee exposure. Honey bees tend to select nectar sources that provide the greatest sugar reward. This may not always be the case with solitary bees and requires further investigation. The greatest consumption rate of nectar-foraging worker honey bees is based on the equation proposed by Rortais et al. (2005) :
where T is the average number of foraging trips made per day; S F is the quantity of sugar required for flight; D is the duration of each foraging trip; F is the fraction of the foraging trip spent flying; and P is the percentage of sugar in nectar. This equation accounts for five different variables that influence the calculation of the adult consumption rate for nectar (approximate values obtained for honey bees by Rortais et al. (2005) are in parentheses): the average number of foraging trips per day (10), the amount of sugar required for flight (8-12 mg/h), the duration of each foraging trip (0.5-1.33 h), the proportion of the foraging trip spent flying (0.8), and finally, the amount of sugar present in nectar (a generally accepted average of 30%).
It is important to know the typical number of foraging trips completed in a day by non-Apis species. Ten foraging trips per day is considered typical for honey bees. However, this may not apply to other bee species, especially among those that lack task allocation exhibited by social colonies. For example, female solitary bees typically spend their adult life span provisioning nest cells as individuals (Gathmann and Tscharntke 2002) .
In honey bees, the crop (or honey stomach) typically contains nectar that is about 30% sugar. Abrol (2005) estimated that honey bees consume 37.35 mg sugar per hour, which may be appropriate and reliable as a metric for quantifying exposure until more information related to sugar intake is obtained. However, our limited knowledge of sugar consumption by adult honey bees continues to leave uncertainty whether exposure estimates for honey bees would be sufficiently protective for non-Apis bees. To address this uncertainty, additional information is needed on nectar preferences and feeding durations for honey bees and other bee species (Willmer and Stone 2004, Kim et al. 2011) . Current estimates of bumble bee colony consumption rates include all sugar consumed over the course of a colony life span, from founding stages to colony end (Rotheray et al. 2017) . Such estimates will vary considerably, however, depending upon bee species, bee size, colony size (where applicable), nesting season, and other factors related to species range and the availability of nutritional resources. Additionally, measures of a colony's metabolic needs in a laboratory are typically lower than for a wild colony (as is upheld in many biological systems) because confined colonies do not have to forage great distances and environmental conditions are less variable.
Solitary bee larval exposure (resulting from combined oral ingestion and physical contact) from nectar likely exceeds that for social bees, because for social species nectar is processed by adult workers before reaching immature bees (Nixon and Ribbands 1952) . The enzymatic breakdown associated with processing of sugars and possibly pesticides in nectar performed by workers in social colonies may mitigate some exposure for larvae. Consumption of 'preprocessed' sugars also buffers exposure for younger nurse bees. Nonetheless, this uncertainty is covered in the current honey bee exposure assessment, as the conservative screening level (Tier 1) exposure estimates consider only unprocessed nectar for both larvae and adults. Mechanisms of nectar and sugar processing in stingless bees are largely unknown. Thus, there was some reluctance to categorize the likelihood of exposure for stingless bees by caste at this time because of the current lack of available information. Until these aforementioned nectar-related research gaps can be filled, there was general consensus among participants that honey bees represent a reasonably appropriate surrogate for other bee species' likelihood of exposure to chemicals in nectar.
Pollen
Nearly all bee larvae require a diet relatively rich in pollen, consuming substantially more than adults. Honey bee pollen is processed by adults (nurse bees) as it is collected from floral resources that older adult foragers bring back to the hive. The hypopharyngeal gland secretions of honey bees may limit the extent to which pesticide residues are passed on to larvae. Nonetheless, the current protocol for screening level (Tier 1) exposure assessment for honey bees is conservative and evaluates only unprocessed pollen for both larvae and adults. Compared to other adult honey bee workers, nurse bees eat relatively more pollen, which may increase their likelihood of exposure for ingestion of pesticides and/or associated metabolites than foragers (Rortais et al. 2005 , Sanchez-Bayo and Goka 2014). This scenario may hold true for stingless bees, as they also exhibit similar age polyethism. However, as task allocation is less fixed among workers in a bumble bee colony, one could predict they have more similar likelihoods of exposure, although larger workers are typically foragers and smaller workers stay inside the nest (Goulson et al. 2002, Spaethe and Weidenmüller 2002) . Because pollen examined in current Tier 1 assessments is unprocessed, any reductions in concentration due to processing observed for honey bees are not considered in those exposure estimates. All bee groups evaluated possess a high likelihood of adult and larval oral and contact exposure, and honey bees may serve as reasonably effective candidates in evaluating the likelihood of exposure to chemicals in pollen until more information is obtained regarding the quantity of pollen consumed by non-Apis species.
Mud/Soil
Presence of pesticides at the soil surface or in the soil matrix is likely to affect species of social and solitary bees differently due to differences in nesting behavior. Because honey bees do not use mud or soil in nest construction, nor reside in underground tunnels or cavities, the consideration of non-Apis bee interactions with soil is underrepresented in current pesticide risk assessment protocols. This exposure route is also highly dependent upon the chemical properties of pesticides. Pesticides can infiltrate soils in many ways, such as in runoff from agricultural fields, as part of a seed treatment, direct application as soil drenches, foliar applications, etc. Tilling versus no-till practices may also influence the likelihood of exposure (Elliott et al. 2000) . Exposure to pesticides in soil is influenced by how the pesticide is applied, how the pesticide interacts with the soil matrix and climatic conditions (Kopit and Pitts-Singer 2018) . For ground-nesting bees, species exhibit different nesting preferences for soil type, which may lead to even greater variation in likelihood of exposure.
Soil type will result in differences in uptake for various chemicals. The extent to which a pesticide interacts with a matrix (e.g., soil, water) depends on the chemical and physical characteristics of the chemical and associated matrix. Many extensive and complex models have been developed to predict the partitioning of chemicals in different soil matrices (reviewed in Gevao et al. 2000 , Schaeffer et al. 2010 . However, determining the extent to which chemicals partition in soil over time in agricultural environments remains a challenge, as agricultural practices (e.g., irrigation, tilling) and environmental conditions (e.g., precipitation, runoff) can influence the movement of a chemical through the soil profile. One option is to consider a worst-case scenario in which a 'reasonably conservative' estimate for exposure in a fully saturated soil is calculated; however, even then, exposure will vary significantly according to soil moisture level. In addition, the life cycle of developing larvae and pupae underground can undergo variable developmental trajectories that occupy different ranges or periods of time. Over time, there would be a gradual degradation/dissipation of materials in the soil matrix; such degradation may be difficult to predict in a reasonably conservative way.
Both adult and larval stages of ground-nesting solitary bees and bumble bees have the highest likelihood of chemical exposure in soil. Adult females must dig and construct brood cells in soil, resulting in repeated contact exposure, while larvae hatch and develop underground, resulting in chronic, long-term exposure. Some Osmia spp. also rely upon mud to build partitions in their nests, although this genus does not generally reside underground (Cane et al. 2007 ). Stingless bees have also been known to collect mud with to build their nests. Larvae of ground-nesting bees may experience chronic contact with soil. However, this contact would likely be moderated by brood cell linings that female ground-nesting bees often apply to the inner chamber of their nest(s), using glandular wax or other secretions. The composition, scope, and functional role of these inner linings are other important research gaps to be addressed.
For bumble bees, overwintering queens are at a potentially high risk of exposure to materials in soil. Queens typically overwinter underground, residing in the soil for several months prior to colony initiation. The importance of bumble bee queens to the colony and their extended life span makes research in this area of critical importance. However, as with other ground-dwelling species (social and solitary), measuring the transfer rate of materials across soil and into an overwintering adult or prepupa will depend on the chemical, the soil type, type of chemical application, moisture level in the soil, and temperature.
There was general agreement among workshop participants that honey bee risk assessment procedures fall short in quantifying risk for non-Apis bee species reliant on soil, or mud, for both larval and adult bees. The intimate association of both larval and adult N. melanderi and ground-nesting stingless bees with soil puts them at the highest likelihood (ranked '4') of contact exposure. For O. lignaria and N. melanderi, adult oral manipulation and/or collection of soil is imperative for reproduction and could lead to a low, but not insignificant, degree of oral exposure to pesticides within soil (ranked '1'). This exposure route was highlighted as worthy of consideration in future risk assessment protocols.
Honeydew
There is not much evidence in the literature for bees foraging on honeydew secretions from other insects. Honey bees have been occasionally known to forage on honeydew, and there is some knowledge of bumble bees and stingless bees foraging on honeydew (Schuster 1981 , Bishop 1994 , Koch et al. 2011 . However, to our knowledge, this behavior has not been observed for other bee species. Workshop participants concluded that any bee foraging upon honeydew would be doing so out of necessity, and not preference (e.g., if available floral resources were extremely limited). Thus, the likelihood of exposure for bees from foraging on contaminated honeydew would be minimal compared to the levels of exposure via other routes. Further, any exposure to pesticides via honeydew would be limited to secretions in which chemicals were not already metabolized by the honeydew-producing insect. It was concluded that current knowledge provides little to no evidence to suggest that honeydew is an appreciable route of exposure for Apis or non-Apis bees.
Wax
Honey bees, bumble bees, and stingless bees all reside, store food, and rear offspring in wax. Thus, both larvae and adults are susceptible to contact exposure to pesticide residues embedded in wax. Although solitary bees may line their nests with hydrophobic, waxlike secretions, these secretions are more likely to provide a protective barrier against pesticide exposure, rather than acting as a source of contaminants. However, the function of glandular secretions in preventing or minimizing exposure to environmental contaminants has not been studied specifically. Because honey bee, bumble bee, and stingless bee larvae develop in individually enclosed wax cells, their potential for contact with chemicals in wax ranked high (3). Adult honey bees, bumble bees, and stingless bees also spend much of their lives residing on potentially contaminated wax (as noted in Table 1 ). However, because adult bumble bee workers do not overwinter as honey bees and stingless bees do, their relative likelihood of exposure is lower. Oral manipulation of wax was determined not to contribute substantially to pesticide exposure. Based on current knowledge, workshop participants concluded that honey bee risk assessments for chemical exposure in wax are reasonably conservative for non-Apis bees more broadly. Notably, while pesticide residue accumulation in bumble bee and stingless bee wax has been acknowledged in the literature, it has not been as thoroughly characterized for these species as it has been for honey bees (Cabrera et al. 2016) , and would benefit from further research.
Water
One challenge in evaluating the likelihood of exposure to pesticides in honey bees is quantifying typical water consumption rates. Current methods to evaluate exposure are scarce, and it is reasonable to assume that water intake will vary by bee species, season, climate, temperature, etc. (Kühnholz and Seeley 1997) . Exposure through water would likely be lower than that observed for other components of any bee diet, i.e., pollen and nectar (Sanchez-Bayo and Goka 2014).
There was a consensus that although many solitary bees and bumble bees collect and imbibe water, it is infrequent when compared to honey bees that require water to cool the hive and manipulate honey. Little is known about water collection behavior and frequency in stingless bee colonies, which makes characterizing exposure risk for this group difficult. Until further studies are conducted to quantify water foraging in stingless bees, workshop participants tentatively supported the use of honey bees as an appropriate surrogate for non-Apis bee species' likelihood of exposure via water.
There was considerable workshop discussion about whether larvae of ground-nesting species come into direct contact with water other than moisture that turns soil to mud. There may be a distinction between water that moves through a soil profile and 'mud', which would have consequential impacts on the fate of particular chemicals in question. A potential overlap in some of these exposure routes is possible and may vary depending upon the hydrophilicity of the chemical compound itself and qualities of the soil matrix. For hydrophobic compounds, sorption to substrates will reduce the availability via contact exposure, but the relative importance of oral exposure versus contact exposure may be increased.
Guttation Fluid
Honey bees appear to collect guttation fluid rarely, and very little to no collection is expected for non-Apis bees, although this has not been widely reported on in the literature (Reetz et al. 2016 ). This route of exposure would only be relevant to the use of systemic pesticides, such as neonicotinoids, and to pollinator-attractive crops on which such chemicals are used (e.g., maize and oilseed rape/ canola). Additionally, the extent to which guttation occurs depends on the crop itself and environmental conditions. Guttation fluid is considered a minor exposure route as compared to dietary exposure through pollen and nectar consumption. There was participant consensus that this route probably does not pose a large exposure source for bees.
Plant Surfaces
'Plant surfaces' is a term that includes chemically exposed leaves, stems, and blossoms. Bees encounter these matrices while foraging for various resources. Contact with the blossom occurs as a consequence of collecting nectar and pollen, along with indirect interactions with stems, leaves, and other foliage. In most cases, workshop participants concluded that current estimates for exposure to adult honey bees can serve as an appropriate surrogate for other, non-Apis species. However, some bees, including M. rotundata, use their mandibles to cut and carry leaf pieces to line their nest cells. This constitutes both adult contact and oral exposure. Larvae that are developing inside nests lined with leaf pieces are also subject to exposure to materials on the foliage. Thus, leafcutting bee larvae were considered to have a comparatively high likelihood of contact exposure to pesticides via plant surfaces. In addition, the duration of larval and pupal development inside the nest will influence exposure; individuals with a shorter larval period may be subject to less exposure than individuals taking longer to reach the pupal stage. Finally, many non-Apis bees may experience exposure to unique plant materials (e.g., floral oils or resins) that are not widely used by other groups of bees.
Propolis/Resin
As with honey bees, stingless bees collect plant resins and incorporate them into their nests. Although many species of solitary bees have also been observed collecting resin, the solitary bee species discussed during this workshop do not; thus, they express a relatively lower likelihood for exposure from this source. Both adults and larvae of resin-foraging species are subject to exposure to pesticides therein.
Additional Research Needs
Two additional research gaps, identified below, frequently came up over the course of the workshop.
Allometric Scaling to Predict Toxicological Response
An important and recurring question throughout the workshop related to whether or how bee toxicological responses scale to body size. Intuitively, one can predict that smaller bees would be more susceptible to the effects of exposure than larger bees, and there is some evidence to support this theory (Devillers et al. 2003 , Arena and Sgolastra 2014 , Thompson 2016 . Cresswell et al. (2012) , however, report a confounding trend; such variability may be a consequence of differential sensitivity across species, and the specific mode of action of the pesticide in question (Heard et al. 2017) , or potentially the quality or thickness of the insect cuticle. In considering allometric scaling, what would be an appropriate, discrete metric for body size? Weight, body surface area, intertegular span, or some other morphometric measurement may be appropriate, although little information of this kind is typically reported in the literature (Cane 1987) . Although this discussion of allometric scaling moved beyond the scope of the workshop (addressing more 'hazard' than 'exposure'), participants recognized that these considerations could also be helpful in extrapolating pesticide toxicity from honey bees to non-Apis bee species, particularly if there is a reliable toxicity metric for extrapolation according to body parameters (e.g., how mass-specific metabolic rates increase with decreasing body size; Chown et al. 2007 ). Use of body weight alone is unreliable because of the inherent range of average bee weights within and among species, which is largely undocumented.
Would body surface area be an appropriate metric for adjusting exposure predictions? Although this measure may present an avenue for reliable extrapolation of data from honey bee tests to other bees, in most cases of pesticide exposure, bee surface contamination is not uniform across the entire bee body. For example, when considering direct overspray as the route of exposure to adult bees, it can be assumed that contact will be limited to the dorsal surfaces of their body (including wings; Poquet et al. 2015) , making dose difficult to quantify in this context. Some efforts to characterize body surface area of bee species are already underway (Kühsel et al. 2017 ).
Metabolic Needs Required for Flight
The metabolic needs of bees to power flight are also relatively understudied. Clearly, nectar is required for foraging adult bees to power flight (among other activities), and consumption rates will change with respect to flight demands of a colony in the case of honey bees, stingless bees, and bumble bees. Furthermore, metabolic calculations in social colonies may be unique to various castes and the tasks performed by workers. Because female solitary bees are self-sufficient and exercise the same behaviors daily, there is likely less variation to be expected in their metabolic needs, regardless of age. Existing literature demonstrates that smaller bee foraging ranges do not always scale consistently with larger bees (Greenleaf et al. 2007 ). Therefore, energy consumption will likely be difficult to estimate in relation to body size. Furthermore, there is some variation across taxa regarding thermoregulation. For example, honey bees and bumble bees thermoregulate their nests, while solitary bees do not (Morato and Martins 2006) . Finally, understanding consumption rates across non-Apis bee species is relevant to the reproductive success of egg-laying individuals (queens in social colonies, and all female solitary bees). Thus, bioenergetics across candidate surrogate species will be a valuable area to direct future research efforts.
